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Developmental Clustering of Ion Channels at and
near the Node of Ranvier
Matthew N. Rasband and James S. Trimmer1
Department of Biochemistry and Cell Biology and Institute for Cell and Developmental
Biology, State University of New York at Stony Brook, Stony Brook, New York 11794-5215
Voltage-gated Na1 and K1 channels are localized to distinct subcellular domains in mammalian myelinated nerve fibers.
Specifically, Na1 channels are clustered in high densities at nodes of Ranvier, while K1 channels are found in juxtaparanodal
ones just beyond regions of axoglial contact where sequential layers of the myelin sheath terminate. Specific targeting,
lustering, and maintenance of these channels in their respective domains are essential to achieve high conduction
elocities of action potential propagation. The cellular, molecular, and developmental mechanisms that exist to achieve this
euronal specialization are discussed and reviewed. Current evidence points to a prominent role in channel clustering
layed by myelinating glial cells, and sites of axoglial contact in particular. © 2001 Academic Press
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iINTRODUCTION
The requirement for successful, efficient, and rapid con-
duction of action potentials (APs) over the relatively long
distances between neurons and their targets, while mini-
mizing both metabolic and space requirements, is a major
impediment to evolution of large body size in metazoan
organisms. This problem has been overcome in vertebrates
by development of the myelin sheath and discontinuous
localization of axonal voltage-dependent ion channels. The
myelin sheath is a high-resistance, low-capacitance barrier
to the flow of ionic current, and is interrupted at regularly
spaced intervals called nodes of Ranvier. These specialized
axonal domains differ dramatically from internodal axonal
regions in very high densities (;2000/mm2; Hille, 1992) of
oltage-dependent Na1 (Nav) channels responsible for the
rapid, inward ionic currents that produce membrane depo-
larization (Fig. 1A, blue). In contrast, voltage-gated K1 (Kv)
hannels are excluded from nodes, and from flanking para-
odes (Fig. 1A, green) where sequential layers of the myelin
heath terminate in septate-like axoglial junctions (Einhe-
er et al., 1997). Instead, Kv channels are clustered beneath
he myelin sheath in regions immediately adjacent to
1 To whom correspondence should be addressed. Fax: (631) 632-
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All rights of reproduction in any form reserved.aranodes, called juxtaparanodes (Fig. 1A, red; Wang et al.,
993), and along the inner mesaxon within the internode
Arroyo et al., 1999).
Nodes, paranodes, and juxtaparanodes represent only a
mall fraction of total axon length (the ;103 nodes in a
-m-long myelinated human nerve fiber represent approxi-
ately 1023 of the total axonal surface area), yet the precise
stablishment and maintenance of these domains is abso-
utely required for faithful transmission of APs in myelin-
ted axons. Given the small fraction of total axonal mem-
rane area represented by nodes, there must exist precise
evelopmental mechanisms to establish and maintain this
xtreme level of ion channel localization. In addition,
yelinated axons may be very long, such that the biosyn-
hetic machinery present in the neuronal cell bodies must
rst populate and then maintain each node of Ranvier with
xtreme fidelity regardless of distance from this point
ource. How is this accomplished? What are the cellular
nd molecular mechanisms responsible for node of Ranvier
ormation during development, and its maintenance over
he entire life of the organism? Probable mechanisms that
nvolve intrinsic axonal processes include, but are not
estricted to, targeted trafficking, selective insertion, clus-
ering, and retention of ion channel proteins at precise sites
n the axonal membrane. Although the precise details of
hese events remain to be elucidated, a number of recent
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6 Rasband and Trimmerstudies have implicated specific developmental interac-
tions between neuronal axons and myelinating glial cells as
especially critical to the localization of axonal ion channels.
This review will focus on these intriguing findings and how
they have begun to sharpen our picture of how cellular and
molecular interactions within the developing nervous sys-
tem determine localization of ion channels at the node of
Ranvier and ensure faithful electrical signaling in myelin-
ated axons.
LOCALIZATION OF NODAL VOLTAGE-
GATED NA1 CHANNELS
In the mammalian nervous system, the developmental
segregation of ion channels in myelinated axons into the
distinct subcellular domains described above occurs during
the first few days (peripheral nervous system; PNS) or
weeks (central nervous system; CNS) after birth. As early as
postnatal day (P)1 Nav channel clusters can be detected in
rat sciatic nerve (Vabnick et al., 1996). By contrast, Nav
hannel clusters do not form in optic nerve (CNS) until
9–P10 (Rasband et al., 1999a). This developmental matu-
ation in myelination and subsequent Nav channel cluster-
ng is reflected in 50-fold increases in measured AP conduc-
ion velocities, from less than 0.2 m/s in premyelinated
ptic nerve axons (Waxman et al., 1989) to about 10 m/s
ollowing node of Ranvier formation (Rasband et al., 1999a).
Although PNS and CNS axons differ in both the develop-
mental timing of clustering and the cells responsible for
myelin formation (PNS: Schwann cells; CNS: oligodendro-
cytes), available data suggest that the developmental pro-
cesses underlying Nav channel clustering and the forma-
tion of distinct adjacent paranodal and juxtaparanodal
domains are conserved (Figs. 1A and 1B).
During early developmental myelination of PNS axons,
clusters of axonal Nav channels first appear adjacent to the
edges of myelinating Schwann cells as soon as these cells
express the myelin-associated glycoprotein (MAG) and be-
come committed to myelination (Martini and Schachner,
1986; Vabnick et al., 1996). These early Nav channel
clusters migrate in advance of the leading edges of elongat-
ing Schwann cells, as if pushed ahead of the advancing band
of axoglial contact. As the intercellular gap between myeli-
nating Schwann cells decreases, adjacent Nav channel clus-
ters eventually fuse to form new nodes of Ranvier (Vabnick
et al., 1996). This situation is shown in Fig. 2A (arrow)
where an early Nav channel cluster is adjacent to a single
paranode defined by immunoreactivity for the contactin-
associated protein or Caspr (green; Menegoz et al., 1997;
Peles et al., 1997). This example shows a Nav channel
cluster at the edge of a myelinating Schwann cell and a
defined site of paranodal contact. An example of two fusing
Nav channel clusters (Fig. 2A, arrowheads), flanked on
either side by Caspr immunoreactivity, is also visible in
this field of view. Importantly, a recent report (Melendez-
Vasquez et al., 2001) describes an ezrin–radixin–moesin
Copyright © 2001 by Academic Press. All right(ERM) protein complex present in the microvilli of myeli-
nating Schwann cells that appears to contact the node of
Ranvier during node formation. Together, these results
suggest that Nav channel clustering in PNS requires the
onset of myelination by Schwann cells, and Nav channels
cluster under the direct physical influence of axoglial con-
tact.
An experimental model of adult PNS remyelination that
recapitulates many aspects of developmental myelination
FIG. 1. Nav and Kv channels are clustered in distinct subcellular
domains at the node of Ranvier. (A, B) Nodes of Ranvier from rat
sciatic (A, PNS) and optic (B, CNS) nerves triple-labeled for Nav
channels (blue), Caspr (green), and Kv1.2 subunit-containing Kv
channels (red). The fluorescence image from the PNS node of
Ranvier has been merged with a Hoffman-modulated contrast
image to show the myelin sheath. (C) Rat optic nerve double-
labeled with antibodies against Nav1.6 (red) and Caspr (green).
Scale bars, 10 mm.revealed that as Schwann cells remyelinate denuded axons,
s of reproduction in any form reserved.
7Ion Channel Clustering at Nodes of RanvierFIG. 2. The Nav channel isoform at nodes of Ranvier undergoes a developmental switch from Nav1.2 to Nav1.6 upon myelination. Nodes
of Ranvier in developing rat sciatic nerve were double-labeled with antibodies against Nav1.2 (red, A, C, E) or pan Nav (red, B, D, F) and
Caspr (green). (A, B) At P1, all newly forming nodes of Ranvier, including single sided clusters (A, arrow) and “binary clusters” (A,
arrowheads), had Nav1.2 as the major Nav channel isoform. Nav channel clusters were always bordered on at least one side by Caspr
staining of axoglial junctions. (C, D) By P2.5, some nodes retained their Nav1.2 immunoreactivity (C, arrowhead), others had lost the
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
8 Rasband and Trimmerclusters of Nav channels are juxtaposed to Schwann cell
processes (Novakovic et al., 1996). As in developmental
myelination (Vabnick et al., 1996), Nav channel clusters
appear to migrate in advance of the leading edges of remy-
elinating Schwann cells until they converge and fuse into a
single focal cluster between apposing Schwann cells. Im-
portantly, in studies of both developmental myelination
(Vabnick et al., 1996) and adult remyelination (Novakovic
et al., 1996), when Schwann cell proliferation is inhibited
by intraneural injection of mitomycin-C, Nav channels fail
to cluster. In vitro studies of myelinating cell cultures show
that when embryonic dorsal root ganglia are cocultured
with Schwann cells under conditions that promote myeli-
nation, clusters of axonal Nav channels appear adjacent to
myelinating Schwann cells. These clusters then fuse to
form mature nodes of Ranvier as myelination progresses
(Ching et al., 1999). Importantly, Nav clusters fail to form if
neurons are cultured alone, in Schwann cell conditioned
media, or in cocultures in the absence of myelinating
Schwann cell contact (Ching et al., 1999). Together, these
results suggest that clustering of Nav channels at nodes of
Ranvier requires physical contact by myelinating cells.
In contrast, other studies show distinct Nav channel
clustering in the absence of direct glial contact. Specifically,
patches of Nav channel immunoreactivity can be detected
in the axons of dystrophic mice without any overlying
myelin sheath or Schwann cell contact (Deerinck et al.,
1997). A separate in vitro study revealed that when retinal
ganglion cells (RGC) are cocultured either in the presence of
noncontacting oligodendrocytes or in oligodendrocyte-
conditioned media, the number of Nav channel clusters
increases significantly (Kaplan et al., 1997). These authors
have proposed that while Nav channel clustering at nodes
of Ranvier in the PNS requires axoglial contact, diffusible
“factors” may contribute to some aspects of Nav channel
clustering.
To further address this issue in vivo, and to specifically
examine the role of axoglial contact in the CNS, we have
examined the clustering of Nav channels at nodes of Ran-
vier in the developing rat optic nerve (Rasband et al.,
1999a). Although the onset of myelination (determined by
MAG staining and detection of Caspr) occurs at P7 in optic
nerve, clusters of Nav channels are not present until P9–
P10. Importantly, when these developing nerve fibers are
double-immunolabeled for Caspr and Nav channels, the
vast majority of the earliest Nav clusters are found adjacent
to, but not overlapping with, Caspr-labeled axoglial junc-
tions. Quantitative analyses of Nav channel clustering and
node of Ranvier formation reveal that over the developmen-
tal period from P5 to P60, the formation of axoglial junc-
Nav1.2 staining (C, arrow), whereas all nodes had pan Nav immuno
was not detected at nodes of Ranvier (E, arrow), but all nodes had fo
at P7 (F) corresponds to the expression of Nav1.6 (see text). Scale bar, 1
Copyright © 2001 by Academic Press. All righttions (as determined by Caspr immunoreactivity) consis-
tently precedes Nav channel clustering by about 2 days
(Rasband et al., 1999a). These observations are consistent
with the interpretation that axoglial contact regulates and
is essential for clustering of Nav channels, and that oligo-
dendrocytes may cluster channels by excluding them from
sites of close axoglial contact (Rosenbluth, 1999).
A more recent set of experiments (Boiko et al., 2001) took
advantage of the fact that in rat optic nerve, a naturally
occurring spatial transition in myelination state of RGC
axons occurs as unmyelinated axons within the retina
traverse the lamina cribrosa and become myelinated. This
allows for a direct comparison of Nav channel clustering
between regions of the same axon in direct contact with
myelinating oligodendrocytes, and those adjacent to but
without direct contact. In these RGC axons, Nav channels
cluster only in zones distal to the lamina cribrosa where
oligodendrocytes make direct contact with axons. In con-
trast, although Nav channels are abundant throughout the
axolemma in the unmyelinated zone, they are distributed
diffusely. Thus, the sharp transition from unmyelinated to
myelinated axons at the lamina cribrosa reflects the dra-
matic change in Nav channel localization. This supports
the conclusion that direct glial contact is essential for
clustering of Nav channels at nodes of Ranvier, and sug-
gests that if diffusible factors are involved in Nav channel
clustering, their activity in vivo is limited to extremely
short distances.
Mammalian Nav channels are encoded by eight different
genes (Nav1.1–1.8), of which six are expressed in neurons
(Goldin et al., 2001). Previous studies have shown that
Nav1.2 expression predominates in neurons containing
unmyelinated axons (Westenbroek et al., 1992; Gong et al.,
1999), while Nav1.6 is present at nodes of Ranvier (Cald-
well et al., 2000). The optic nerve preparation allows for a
direct comparison of the consequences of myelination on
expression and localization of Nav isoforms between un-
myelinated and myelinated regions of the same RGC axons.
Prior to developmental myelination in the optic nerve and
in unmyelinated regions of adult RGC axons, Nav1.2 is
expressed uniformly as the predominant Nav channel iso-
form (Boiko et al., 2001). As developmental myelination
progresses in regions distal to the lamina cribrosa, Nav1.2
initially clusters at developing nodes, but is gradually
replaced by Nav1.6 as nascent nodes of Ranvier mature.
This leads to uniform expression of Nav1.2 in the unmy-
elinated zone, and clustered expression of Nav1.6 at nodes
of Ranvier in the myelinated zone (Fig. 1C). Importantly,
since this developmental switch in Nav isoform expression
occurs only in regions distal to the lamina cribrosa, oligo-
ivity (D). (E, F) At P7, staining for the Nav channel isoform Nav1.2
av channel clusters (F). The nodal Nav channel staining observedreact
cal N0 mm.
s of reproduction in any form reserved.
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9Ion Channel Clustering at Nodes of Ranvierdendrocyte contact with RGC axons must regulate both the
spatial and temporal localization of two highly related Nav
channel isoforms.
The switch in Nav channel isoform expression subse-
quent to elaboration of myelin is not restricted to the CNS,
but also occurs in the PNS (Fig. 2). Early in sciatic nerve
development (P1), all incipient nodes of Ranvier have
Nav1.2, including heminodes (Nav channel clusters bor-
dered only on one side by a axoglial junctions, Fig. 2A,
arrow) and clusters in the process of fusing to form mature
nodes (Fig. 2A, arrowheads). However, by P2.5, a develop-
mental switch in the nodal Nav channel isoform occurs,
such that while some nodes retain Nav1.2 immunoreactiv-
ity (Fig. 2C, arrowhead), other nodes, defined by Caspr
staining (green), are devoid of any Nav1.2 (arrow). Finally,
by P7, Nav1.2 is undetectable at nodes of Ranvier (Fig. 2E,
arrow), despite the fact that at all stages of development
nodes are labeled by the pan Nav antibody (Figs. 2B, 2D, and
2F). This latter staining at P7 corresponds to expression of
Nav1.6 (Caldwell et al., 2000). It is important to reiterate
hat although there exist significant differences in timing,
he essential aspects of the developmental switch in Nav
hannel isoform expression and localization, and its depen-
ence on onset of myelination, are conserved between CNS
nd PNS. At present, the physiological basis for this devel-
pmental switch in Nav channel isoform is unclear. We
peculate that this developmental isoform switch allows for
ndependent regulation of Nav channel expression levels in
nmyelinated and myelinated regions of the same axon,
nd for selective interaction with or modulation by proteins
xhibiting differential interaction with Nav1.2 and Nav1.6.
VOLTAGE-GATED K1 CHANNEL
OCALIZATION
In contrast to Nav channels, Kv channels are not found at
the mammalian node of Ranvier (Chiu and Ritchie, 1980;
Sherratt et al., 1980), but instead are clustered beneath the
myelin sheath at juxtaparanodes (Figs. 1A and 1B, red; Figs.
3A and 3B, red, arrows). Juxtaparanodal Kv channels have
been described throughout the nervous system, in brain-
stem (Wang et al., 1993), cerebellar white matter (Rhodes et
al., 1997), spinal cord (Wang et al., 1995; Rasband and
Trimmer, 2001), optic nerve (Rasband et al., 1999b), and
sciatic nerve (Rasband et al., 1998). Kv channels are large
protein complexes consisting of four voltage-sensing and
pore-forming transmembrane a subunits encoded by a large
multi-gene family of four principle subdivisions (Kv1–Kv4)
based on sequence similarity and their ability to coas-
semble into heterotetrameric channels (Coetzee et al.,
1999). Additionally, channels composed of Kv1 a subunits
have up to four modulatory cytoplasmic b subunits (Rettig
t al., 1994; Trimmer, 1998). Juxtaparanodal Kv channels in
oth CNS and PNS consist primarily of Kv1.1, Kv1.2, and
vb2.1 subunits (Rhodes et al., 1997; Rasband et al., 1998;
asband and Trimmer, 2001). The overall function of jux-
Copyright © 2001 by Academic Press. All rightaparanodal Kv1 channels is unclear, as application of Kv1
hannel blockers such as 4-aminopyridine increases both
he amplitude and duration of APs in optic nerve, but has
lmost no effect on electrical conduction in myelinated
NS axons (Chiu and Ritchie, 1980; Sherratt et al., 1980;
ordon et al., 1988; Rasband et al., 1999b). Studies with Kv
hannel blockers have revealed that when Kv channels are
ransiently localized in nodal and/or paranodal zones, they
tabilize AP conduction during PNS development (Vabnick
t al., 1999) and inhibit conduction in remyelinating PNS
xons (Rasband et al., 1998). Further, genetic deletion of
hese Kv channel subunits suggests that these channels
ay be important for modulating conduction properties at
ransition zones and branch points in myelinating nerve
bers (Chiu et al., 1999).
Results from experiments to determine the mechanisms
nderlying Kv channel clustering at juxtaparanodes parallel
hose on Nav channels described above, but reveal several
mportant differences. Unlike more stable Nav channels,
xperimentally demyelinating PNS axons results in a rapid
ateral diffusion of Kv channels into formerly nodal and
aranodal zones that normally exclude Kv channels (Ras-
and et al., 1998). This suggests a strict requirement for the
ontinued presence of the paranodal axoglial junctions in
aintaining Kv channel localization. During remyelina-
ion, when Nav channel clusters migrate at the leading
dges of elongating Schwann cells and fuse to form new
odes (Novakovic et al., 1996), Kv channels are not de-
ected. Only after new nodes are fully defined are clustered
v channels observed (Rasband et al., 1998). Interestingly,
v channels initially cluster in the node itself, but then
apidly redistribute, first into the paranode and then into
heir appropriate juxtaparanodal location (Rasband et al.,
998). As with Nav channel clustering (Novakovic et al.,
996; Vabnick et al., 1996), inhibition of Schwann cell
roliferation and remyelination also inhibits Kv channel
edistribution and clustering at PNS juxtaparanodes (Ros-
and et al., 1998). Kv channel expression and clustering
uring developmental myelination in the PNS is also tem-
orally delayed by several days compared to that for Nav
hannels (Vabnick et al., 1999).
The developmental expression of juxtaparanodal Kv
hannels in the CNS has been investigated in both optic
erve (Rasband et al., 1999b) and spinal cord (Wang et al.,
1995). Most aspects of Kv channel expression and clustering
during developmental myelination of CNS axons are simi-
lar to the PNS. There are, however, some differences and
similarities which are particularly notable. As in the PNS,
upregulation of Kv channel expression in the CNS occurs
several days after that of Nav channels (Rasband and
Shrager, 2000). However, in contrast to the PNS where Kv
channels are seen in both nodal and paranodal zones during
both developmental myelination and adult remyelination,
in optic nerve, Kv channels appear first in the nascent
juxtaparanode itself, suggesting a specific targeting to jux-
taparanodes (Rasband et al., 1999b). Moreover, Kv channels
and Caspr alternate in distinct bands, such that Kv channels
s of reproduction in any form reserved.
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10 Rasband and Trimmerare specifically excluded from sites of axoglial contact in
both emerging paranodes, and after establishment of legiti-
mate paranodal domains when more accurate juxtaparan-
odal clustering of Kv channels is achieved.
Interestingly, unlike the case for Nav channels, the same
complement of Kv channel subunits (i.e., Kv1.1, Kv1.2,
Kvb2.1) is observed in both CNS and PNS axons throughout
FIG. 3. Hypomyelination in the Shiverer (Shi) mutant mouse alt
axoglial junctions. (A) Wild-type (WT) mice have Nav channels clus
to juxtaparanodal domains (red, arrows). (B) Paranodal Caspr (green
in WT mice. (C) Shi mice have dramatically altered Nav (green) an
double-arrows) appear with some Kv channel immunoreactivity (re
staining (green) is altered in Shi mice, with Kv channel immunorea
mm.
FIG. 4. A diverse set of proteins are differentially localized to no
node of Ranvier, with some of the proteins known to be found in
between Ankyrin-G (green) and Nav channels (red) at nodes of R
juxtaparanodes (arrowheads). (D) Staining of rat optic nerve with m
colocalizes with Kv channels (green) at juxtaparanodes (arrowhe
terminals (E, arrowhead) and juxtaparanodes (F) colocalize in cereb
antibody labels basket cell terminals (G), but not juxtaparanodes (H). S
Copyright © 2001 by Academic Press. All rightevelopmental myelination, suggesting that this particular
ubunit combination is critical for normal function in both
eveloping and adult myelinated fibers (Rasband et al.,
998, 1999b). Moreover, in RGC axons the same Kv channel
soforms (Kv1.1, Kv1.2, Kvb2.1) are present in both the
yelinated and unmyelinated regions (Baba et al., 1999).
hus, unlike Nav channels, the only distinction between
av and Kv channel localization, and the formation of appropriate
at nodes of Ranvier (green, arrowhead), and Kv channels localized
juxtaparanodal Kv channels (red) have little or no overlap (arrows)
channel (red) localization. Aberrant Nav channel clusters (arrow,
mediately adjacent to the irregular Nav channel clusters. (D) Caspr
ty adjacent to some of these sites (arrow, arrowhead). Scale bar, 10
omains. (A) Cartoon showing the different domains at or near the
h region. (B) Arrowheads indicate examples of the colocalization
er. (C) Caspr2 (red) and Kv1.2 Kv channels (green) colocalize at
clonal antibody K28/43 (red) generated against PDZ1-2 of PSD-95
E, F) K28/43 (red) and anti-Kv1.2 (green) staining of basket cell
. (G, H) PSD-95 immunoreactivity using a different anti-PSD-95ers N
tered
) and
d Kv
d) im
ctividal d
eac
anvi
ono
ad). (
ellumcale bars, 10 mm (B, C, D, F, and H) or 100 mm (E, G).
s of reproduction in any form reserved.
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12 Rasband and TrimmerKv channel expression in unmyelinated and myelinated
regions of RGC axons is between a uniform and clustered
juxtaparanodal localization, respectively. Together, as for
Nav channels, these experiments point to an important role
for myelinating glial cells in Kv channel clustering in both
the PNS and CNS.
AXOGLIAL JUNCTIONS AND MYELIN
REGULATE ION CHANNEL
LOCALIZATION
Mouse strains which harbor mutations leading to hypo-
or dysmyelination have been used to further explore the
role that the myelin sheath, and axoglial contact in particu-
lar, plays in localization of axonal Nav and Kv channels
(Wang et al., 1995; Baba et al., 1999; Dupree et al., 1999;
asband et al., 1999a,b; Boiko et al., 2001). These different
ammalian models of disrupted myelination all point to a
equirement for specific glial contact for proper Nav and Kv
hannel clustering on axons. The hypomyelinating mutant
ouse Shiverer (Shi), which lacks myelin basic protein, has
axons with normal oligodendrocyte ensheathement, but
myelin remains uncompacted and aberrant axoglial junc-
tions are present (Rosenbluth, 1980; Inoue et al., 1981). In
wild-type (WT) mice, Nav and Kv channels are localized in
nodal (Fig. 3A, green), and juxtaparanodal (Figs. 3A and 3B,
red) domains, respectively. Figure 3B shows pronounced
paranodes with Caspr immunoreactivity (green) that define
sites of intervening axoglial contact between nodal Nav and
juxtaparanodal Kv channels. In WT mice, Kv channels do
not encroach into adjacent paranodal (Fig. 3B, arrows) or
nodal zones (Fig. 3B, arrowhead), nor are Nav channels
found in paranodal or juxtaparanodal zones (Fig. 3A). In
sharp contrast to this dramatic nonoverlapping subcellular
segregation in WT animals, Nav channels in Shi mutant
mice are found predominantly in irregular clusters (Fig. 3C,
arrow and double-arrows, green) with “normal” clusters
(Fig. 3C, arrowhead) rarely encountered. Occasionally, Kv
channels associate with one side of aberrant Nav channel
clusters (Fig. 3C, arrow, red) or adjacent to “normal” Nav
channel clusters, with only a very small gap present be-
tween the Nav and Kv channels (Fig. 3C, arrowhead).
Similarly, axoglial junctions are disrupted in Shi optic nerve
(Rosenbluth, 1980), with very few normal sites of axoglial
contact. One “normal” site of Caspr immunoreactivity is
shown in Fig. 3D (arrowhead; green), but, unlike the normal
pairing seen in WT animals (Fig. 3B, green), this example
has no companion paranode. Interestingly, each side of this
aberrant structure has associated Kv channels, with no
nodal gaps observable between the Caspr cluster and the
adjacent Kv channels (Rasband et al., 1999b). Another
instance of this is shown in Fig. 3D (arrow) where a very
irregular Caspr cluster (green) has a thin band of associated
Kv channels (red). This suggests that these abnormal sites of
axoglial contact retain enough intrinsic information to
precipitate the local clustering of Kv channels.
Copyright © 2001 by Academic Press. All rightNav channel clusters also form aberrantly and adjacent to
rregular axoglial junctions in Shi (Rasband et al., 1999a).
av1.2 expression is significantly increased in Shi optic
erve (Noebels et al., 1991), while Nav1.6 is downregulated
Boiko et al., 2001). Importantly, Nav1.2 is found in regions
f RGC axons beyond the lamina cribrosa in Shi. In this
ypomyelinated zone, Nav1.2 is diffusely localized,
hereas Nav1.6 is observed only at infrequent “normal”
xoglial junctions (Boiko et al., 2001). The fact that the
ormal sharp boundary of Nav subunit expression on either
ide of the lamina cribrosa is disrupted in Shi optic nerve is
onsistent with an underlying requirement for compact
yelin and paranodal axoglial junctions. In the mutant
ouse Jimpy, which has a mutation in the proteolipid
rotein gene resulting in severe CNS hypomyelination, Kv
hannel clustering in optic nerve is almost completely
bolished, with only occasional Kv channel clusters ob-
erved (Baba et al., 1999). It is significant that these infre-
uent Kv channel clusters are found adjacent to high
ensity sites of myelin basic protein, further suggesting a
equirement for glia in the channel clustering process.
alactolipid-deficient mice have normally compacted my-
lin sheaths but some irregularly formed paranodal zones
ithout focal Caspr immunoreactivity and a total lack of
he transverse bands characteristic of normal paranodal
xoglial junctions. The normal exclusion of Kv channels
rom the paranode is disrupted, providing additional evi-
ence for an essential requirement for faithful axoglial
unction formation in localizing Kv channels (Dupree et al.,
999). However, in these mutant mice Nav channels still
lustered, with only slightly broader distributions, suggest-
ng that while some form of the paranode may be required,
he paranodal protein Caspr is not essential.
The data described above suggest a model where contact by
yelinating glia initiates the aggregation of Nav channels
djacent to the edge of the forming myelin sheath in both PNS
nd CNS axons. Nav channel clusters then advance until
pposing clusters converge and fuse to form a new node of
anvier; fused clusters continue to condense until they are
nly ;1 mm in length. Subsequent to this definition of the
ode itself, Kv channels cluster at juxtaparanodal zones in a
aranode-dependent fashion. Thus, in a manner similar to the
evelopmental recruitment of neurotransmitter-gated ion
hannels to synapses (Scannevin and Huganir, 2000), myeli-
ating glia and axons participate in a reciprocal cellular
nteraction that induces subcellular differentiation and results
n the restricted localization of specific axonal ion channels to
iscrete membrane domains.
MOLECULAR INTERACTIONS INVOLVED
IN CLUSTERING VOLTAGE-GATED NA1
AND K1 CHANNELS
Although much work has been done to elucidate the
cellular events important for channel clustering, relatively
little is known about the molecular participants in this
s of reproduction in any form reserved.
13Ion Channel Clustering at Nodes of Ranvierprocess. Nevertheless, recent experiments have begun to
identify proteins that are restricted to distinct subcellular
domains in myelinated nerve fibers (Fig. 4A; reviewed by
Arroyo and Scherer, 2000; Peles and Salzer, 2000; and
Rasband and Shrager, 2000) and as such may be involved in
axonal Nav and Kv channel clustering. These proteins
include cell adhesion molecules, scaffolding proteins, and
extracellular matrix molecules, and may be cis- (axonal) or
trans- (glial) acting in nature. In analogy to the complex
molecular architecture underlying the specialized neuronal
membrane domain found at the synapse, ion channel cluster-
ing at nodes of Ranvier will likely involve the contribution of
many different proteins with diverse molecular functions.
One intriguing candidate for participating in nodal Nav
channel clustering is ankyrin, which interacts biochemi-
cally with purified Nav channels (Srinivasan et al., 1988,
1992), and which is generally appreciated to function as a
link between integral membrane proteins and the cytoskel-
eton (Bennett and Lambert, 1999). In axons, this interaction
probably involves the recently identified spectrin isoform
bIV, which is restricted to nodes of Ranvier and axon initial
segments where it overlaps with clustered Nav channels
(Berghs et al., 2000). Prior to developmental myelination,
the principle ankyrin isoform present in axons is ankyrin-B,
which is located diffusely along the entire length of the
nerve fiber (Lambert et al., 1997). Importantly, at the onset
of myelination, ankyrin-B is replaced by another ankyrin
isoform, ankyrin-G, which colocalizes with Nav channels
and is mostly restricted to the node of Ranvier (Fig. 4B,
arrowheads) and axon initial segments (Kordeli et al., 1995;
Lambert et al., 1997). Whether this developmental switch
in ankyrin isoform expression plays a role in the develop-
mental transition from Nav1.2 to Nav1.6 expression at
nodes of Ranvier is not yet known (Boiko et al., 2001).
Ankyrin-G can also interact with other proteins re-
stricted to the node of Ranvier, such as the cell adhesion
molecules L1, neurofascin-186, and NrCAM (Davis et al.,
1996). The relationship between the binding of ankyrin-G
to these proteins and its proposed role in Nav channel
clustering has not yet been determined. A cerebellar-
specific disruption of ankyrin-G expression results in loss of
both Nav channels and neurofascin at axon initial segments
(Zhou et al., 1998), suggesting a requirement for ankyrin-G
in either generation or maintenance of Nav channel clus-
tering at this specialized axonal domain. However, the
consequences of this altered cerebellar ankyrin expression
for nodal Nav channel clustering have not yet been re-
ported. With respect to formation of the node of Ranvier
itself, the presence of ankyrin-G precedes clustering of Nav
channels in both PNS (Lambert et al., 1997) and CNS
(Rasband et al., 1999a), and is invariably associated with
myelinating glia. Ankyrin-G staining, like that for Nav
channels, is severely disrupted in Shi mice (Rasband et al.,
1999a). Together, these results suggest that the ankyrins are
prominent components of the nodal protein complex, and
are likely important for maintenance of channels in their
respective subcellular domains. However, since defects in
Copyright © 2001 by Academic Press. All rightmyelination disrupt ankyrin-G localization it is unlikely
that ankyrin alone can direct the clustering of Nav channels
in the absence of extrinsic (glial) factors.
Other candidates for a role in clustering of Nav channels
at nodes of Ranvier include the extracellular matrix mol-
ecules tenascins. Tenascin-R is enriched at nodes of Ran-
vier (Bartsch et al., 1993), and may even associate directly
with Nav channels (Srinivasan et al., 1998; Xiao et al.,
1999). However, tenascins are not essential for clustering
since deletion of tenascin-R does not alter Nav channel
clustering at nodes of Ranvier (Weber et al., 1999). Finally,
although the several proteins described above colocalize
and even coassociate with Nav channels at nodes of Ran-
vier, the essential factors responsible for aggregation of
channels remain to be determined. Alternatively, it is
possible that the aforementioned proteins known to inter-
act with Nav channels may function to anchor or stabilize
channels at the node, rather than contribute directly to
their clustering. Thus, much work remains to be done to
determine how the known nodal proteins participate in
normal node development, and to search for the unidenti-
fied elements critical for nodal Nav channel clustering.
In contrast to the plethora of identified nodal proteins,
very few juxtaparanodal proteins have been discovered.
Recently, a new member of the neurexin superfamily,
Caspr2, was identified which colocalizes with juxtaparan-
odal Kv channels (Fig. 4C; Poliak et al., 1999). Since Caspr2
contains a large extracellular domain, it may function as
the link between myelinating glia and Kv channels to
regulate their localization along the inner mesaxon and the
juxtaparanode (Rasband et al., 1998; Arroyo et al., 1999).
Reciprocal coimmunoprecipitation experiments suggested
an interaction between the Kv1.1, Kv1.2, and Kvb2 Kv
subunits and Caspr2, however, this interaction appears to
be indirect (Poliak et al., 1999). Since Caspr2 and Kv1 a
subunits both contain carboxyl-terminal PDZ binding mo-
tifs, it is attractive to speculate that PSD-95, a scaffolding
protein that clusters NMDA receptors and Kv1 Kv channels
in heterologous cells (Kim et al., 1995; Tiffany et al., 2000)
and contains multiple PDZ domains, might mediate this
indirect interaction. In fact, a particular anti-PSD-95 mono-
clonal antibody (K28/43; Tiffany et al., 2000), labels jux-
taparanodes in optic nerve and spinal cord and colocalizes
with Kv channel staining (Fig. 4D, arrowhead; Baba et al.,
1999). This antibody does not cross-react with other PSD-
95-related scaffolding proteins (Chapsyn-110, SAP-97, and
SAP102), suggesting that PSD-95 itself might be responsible
for the clustering of Kv channels at juxtaparanodes. K28/43
also exhibits robust staining that colocalizes with Kv1.2 at
cerebellar basket cell terminals (Fig. 4E, arrowhead) (Kim et
al., 1995; Laube et al., 1996) and juxtaparanodes in cerebel-
lar white matter (Fig. 4F). However, other anti-PSD-95
antibodies whose staining colocalizes with Kv1.2 at basket
cell terminals (Fig. 4G) do not stain juxtaparanodes (Fig.
4H), suggesting that a PDZ domain-containing protein
closely related to but immunologically distinct from
PSD-95 may be the critical link between Caspr2, Kv chan-
s of reproduction in any form reserved.
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14 Rasband and Trimmernels, and juxtaparanodal clustering. Efforts to identify this
protein, and other components of the juxtaparanodal Kv
channel complex are an active area of investigation, and it
is likely that there is a large, complex community of
proteins involved in the maintenance and organization of
Kv channels at juxtaparanodes. Specifically, there are likely
other scaffolding proteins that link Kv channel protein
complexes to the cytoskeleton, glial binding partners that
may interact with Caspr2, and signalling molecules (e.g.,
phosphatases, kinases, etc.) important in modulating jux-
taparanodal Kv channel activity.
Although neither Nav nor Kv channels are clustered in
the paranode, this domain is essential for the proper local-
ization of ion channels at the node of Ranvier. As described
above, developmental studies in both normal and dysmy-
elinating animals have shown that the formation of axoglial
junctions at the paranode is essential for proper clustering
of both Nav and Kv1 channels. To date, three proteins have
been identified as specific components of the paranodal
protein complex. The axonal paranodal proteins Caspr and
contactin (F3/F11), a GPI-anchored protein, interact in a
manner required for the cell-surface expression of Caspr
(Faivre-Sarrailh et al., 2000). Importantly, deletion of con-
actin results in abnormal cerebellar cellular organization
Berglund et al., 1999) and altered paranode formation,
eading to disrupted juxtaparanodal Kv channel clustering
Berglund et al., 2000). Neurofascin-155 also localizes to the
aranode but is oligodendroglial rather than axonal in origin
Tait et al., 2000). Whether this glial cell adhesion molecule
nteracts with Caspr or contactin is not yet known. Since
xoglial interaction appears to be necessary for clustering of
oth Nav and Kv channels (Rasband et al., 1999a,b), and is
lso responsible for the isotype switch in Nav channels
bserved in optic nerve (Boiko et al., 2001), it is likely that
rotein components of the paranode will be involved in
hese developmental events. Finally, there may exist a
ensitive and accurate signaling mechanism to monitor the
delity of the axoglial junction since disruption of this
nique cell–cell connection by injury or disease prevents
he proper organization of ion channels at the node of
anvier, and leads to failures in axonal conduction. Future
tudies which reveal the component molecules of the
upramolecular protein complexes present at the node of
anvier and the associated paranodal and juxtaparanodal
omains will be critical to our understanding of the devel-
pment and maintenance of electrical signaling in the
ervous system.
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